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ABSTRACT
We present imaging polarimetry of the superluminous supernova SN 2015bn, obtained over nine epochs
between −20 and +46 days with the Nordic Optical Telescope. This was a nearby, slowly-evolving
Type I superluminous supernova that has been studied extensively and for which two epochs of
spectropolarimetry are also available. Based on field stars, we determine the interstellar polarisation
in the Galaxy to be negligible. The polarisation of SN 2015bn shows a statistically significant increase
during the last epochs, confirming previous findings. Our well-sampled imaging polarimetry series
allows us to determine that this increase (from ∼ 0.54% to & 1.10%) coincides in time with rapid
changes that took place in the optical spectrum. We conclude that the supernova underwent a ‘phase
transition’ at around +20 days, when the photospheric emission shifted from an outer layer, dominated
by natal C and O, to a more aspherical inner core, dominated by freshly nucleosynthesized material.
This two-layered model might account for the characteristic appearance and properties of Type I
superluminous supernovae.
Keywords: supernovae: general, supernovae: individual (SN 2015bn)
1. INTRODUCTION
The study of polarised light is one of the limited tools
that allow us to probe the geometry of distant, un-
resolved supernova (SN) explosions (Wang & Wheeler
2008). As photons make their way out of the SN pho-
tosphere, they are subject to multiple scatterings that
induce polarisation. If the sky projection of the pho-
tosphere is circular, there is no prevalent direction and
the SN appears unpolarised. However, deviations from
spherical symmetry will produce a net, non-zero polar-
isation signal that can be modelled and predicted (e.g.
Ho¨flich 1991; Kasen et al. 2003; Bulla et al. 2015). Con-
tinuum polarisation is sensitive to the shape of the pho-
tosphere while spectropolarimetry can probe the distri-
bution of the different elements in the line forming region
(e.g. Maund et al. 2009; Reilly et al. 2016)
Almost 10 years after the discovery of Type I superlu-
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minous supernovae (SLSNe I; Quimby et al. 2007; Bar-
bary et al. 2009; Gal-Yam et al. 2009; Quimby et al.
2011), the question of what powers their luminosity re-
mains unsolved, although several models have been pro-
posed (e.g. Woosley et al. 2007; Kasen & Bildsten 2010;
Chatzopoulos et al. 2012; Metzger et al. 2015; Sorokina
et al. 2016). In Leloudas et al. (2015a) we presented
the first polarimetric observations of a SLSN I: we used
the Very Large Telescope (VLT) to observe LSQ14mo at
z = 0.256. Our five epochs of imaging polarimetry, ob-
tained between −7 and +19 days from peak (V ∼ 19.4
mag), did not show any significant evolution or polari-
sation that can be safely attributed to the SN. Polarisa-
tion measurements for such faint targets are challenging,
as achieving the required signal-to-noise ratio (S/N) is
difficult even using the largest telescopes. In addition,
LSQ14mo was a ‘fast-evolving’ (Gal-Yam 2012; Nicholl
et al. 2015) SLSN I that faded quickly (see also Chen
et al. 2016), thereby increasing this practical difficulty.
SN 2015bn is one of the most nearby (z = 0.1136) and
well-studied SLSNe I. Nicholl et al. (2016a) presented a
multi-wavelength study showing it was a slowly-evolving
event peaking at M = −22 mag. Furthermore, the
light curve showed significant structure, deviating from
a smooth rise and decay. We adopt here the terms in-
troduced by Nicholl et al. (2016a) to describe the major
undulations in the light curve: the ‘shoulder’ is a plateau
around −20 days, while the ‘knee’ is a prominent bump
at +45 days. Early-phase spectroscopy of SN 2015bn
showed that the spectrum went through a transformation
somewhere between +7 and +20 days, while all spectra
before and after this period showed a very high degree
of similarity between them (Nicholl et al. 2016a). The
nebular spectra of SN 2015bn were found to be similar
to a number of energetic SNe Ic (Jerkstrand et al. 2017),
leading Nicholl et al. (2016b) to suggest that the explo-
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sion was powered by a central engine, similar to long
gamma-ray bursts. In addition, due to its proximity and
intrinsic brightness, SN 2015bn is the first SLSN I for
which it was possible to obtain spectropolarimetry: In-
serra et al. (2016) presented two epochs obtained with
VLT at −23.7 and +27.5 days. These authors found
that the SN was characterised by a dominant axis and
that polarisation increased considerably between the two
epochs. Their modelling showed that the data are con-
sistent with an axisymmetric geometry. The increase in
polarisation was attributed to the photosphere receding
into more asymmetric layers. Inserra et al. (2016) also
favour an explosion powered by a central engine.
Here we present nine epochs of imaging polarimetry of
SN 2015bn obtained with the Nordic Optical Telescope
(NOT). By complementing these data with the existing
literature datasets of SN 2015bn, we attempt to obtain a
better insight on its nature. The next section describes
our observations and Section 3 how the polarisation was
determined. Our results are discussed in Section 4.
2. OBSERVATIONS
We used the Andalucia Faint Object Spectrograph and
Camera (ALFOSC) instrument at the NOT to observe
SN 2015bn in polarimetric mode. ALFOSC offers more
than one option for linear polarimetry. Our observations
were executed using a half-wave retarder plate in the
FAPOL unit and a calcite plate mounted in the aperture
wheel, a setting that is suitable for point-like sources,
such as our target. This setting provides a simultane-
ous measurement of two orthogonally polarized beams,
where the ordinary and extraordinary components ap-
pear on the same image, separated by 15′′. Figure 1
shows a typical image of SN 2015bn obtained during our
observing campaign. The field of view (FOV) is approx-
imately circular with a radius of ∼1.1′, and it contains
only a limited number of objects other than the SN. This
is both an advantage, as there is no confusion and over-
lapping between the beams, but also a disadvantage be-
cause there are few comparison stars that can be used
for calibration. Specifically, we identify only 4 point-like
sources (S1 - S4) whose point-spread functions (PSF) lie
fully within the FOV for both beams. However, S2 and,
especially, S3 - S4 are too faint to serve as useful calibra-
tors.
Observations were obtained at four half-wave retarder
plate angles (0, 22.5, 45 and 67.5 deg) and with the V -
band filter. Nine epochs were obtained in total. A log
of our observations is presented in Table 1. Rest-frame
phases have been calculated assuming the time of max-
imum MJD = 57102 (Nicholl et al. 2016a). The images
were reduced in a standard manner, using bias frames
and flat field frames obtained without the polarisation
units in the light path.
The PSF of the two beams is different as it appears on
the detector. In particular, the full width at half max-
imum (FWHM) as measured on the ordinary beam is
typically found to be 1-2 pixels larger than the extraor-
dinary beam in every image obtained. In addition, for
a couple of epochs, the PSF did not appear circular but
elongated. For this reason, and given the limited number
of bright objects in the field, we decided to do aperture
photometry in order to measure the fluxes of the SN and
the comparison stars (rather than model the PSF of the
beam beam
extraordinary ordinary
S4
S3
S2
S1
SN 2015bn
Figure 1. SN 2015bn observed with NOT+ALFOSC in polari-
metric mode on 16 March 2015, close to maximum light. Each
object appears twice on the image with a separation of 15′′. There
are four more point-like sources (marked S1 - S4) for which both
the ordinary and the extraordinary image appear in the FOV. S1
has an adequate S/N and was used for the determination of the
Galactic ISP.
two beams separately). We used apertures between 2-2.5
× FWHM of the (ordinary beam) PSF, as we determined
that this aperture size was a good compromise in recover-
ing most of the flux, without introducing too much noise
in our measurements. We experimented with other aper-
ture sizes and, for the vast majority of images, the results
we obtained (location on the Q–U plane) were consistent
(within the errors) with those obtained for our reference
apertures.
Our procedures were verified by observing the polari-
metric standards BDp64106 and HD204827 and recover-
ing the literature values (Schmidt et al. 1992).
3. DETERMINATION OF THE POLARISATION
Based on the normalised flux differences between the
ordinary and extraordinary beams, we calculated the
Stokes parameters and their errors following Patat & Ro-
maniello (2006). Figure 2 shows the positions of S1 and
SN 2015bn on the Stokes Q–U plane, and their evolution.
Stars are generally intrinsically unpolarised and they
can therefore be used to estimate the interstellar polar-
isation (ISP) towards SN 2015bn. The ISP is not ex-
pected to be significant as the Milky-Way extinction to-
wards SN 2015bn (Schlafly & Finkbeiner 2011) predicts
PISP < 0.2% (Serkowski et al. 1975) and the redden-
ing at the host is found to be negligible, based on the
Balmer decrement (Nicholl et al. 2016a), similar to other
SLSN I host galaxies (Lunnan et al. 2014; Leloudas et al.
2015b; Perley et al. 2016). In addition, Inserra et al.
(2016) examined three stars from the Heiles (2000) cat-
alog within three degrees of the SN position; these stars
had polarisation degrees of only 0.07, 0.10 and 0.05%,
respectively. These authors estimate a QISP = −0.15%,
UISP = −0.06% directly from their spectropolarimetry
of SN 2015bn examining two spectral regions of assumed
zero intrinsic polarisation. Here, we estimate the Galac-
tic ISP by using star S1 which is bright and shows a sta-
tistically non-variable location on the Q–U plane (Fig. 2,
left). By taking the weighted average between the dif-
ferent epochs, we obtained QISP = 0.02 ± 0.03% and
UISP = 0.05 ± 0.03%, which we adopt as our best esti-
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Figure 2. The Stokes Q–U plane for star S1 (left) and SN 2015bn (right). The different epochs are colour coded as indicated. The black
star shows the location of the ISP as determined by S1. For comparison, the ISP estimate by Inserra et al. (2016) is also shown. In both
cases, the ISP is found negligible. The SN data on the right panel have been corrected for the ISP. Concentric circles of equal polarisation
have been drawn to guide the eye. The last three measurements indicate an increase in the SN polarisation with time.
mate for the Galactic ISP. Adding more comparison stars
does not alter this estimate significantly as their S/N is
considerably lower and the ISP determination is heavily
weighted by S1. As explained above, we assume the ISP
at the host to be negligible.
We then corrected the Stokes parameters of SN 2015bn
for the (minimal) ISP determined by S1. The corrected
values are shown in Fig. 2 (right) and can also be found
in Table 1. Finally, from the corrected Q and U we
have calculated the polarisation angle χ and the polar-
isation degree P , including a correction for polarisation
bias (Patat & Romaniello 2006). The evolution of the
polarisation degree with time is plotted in Fig. 3, to-
gether with other important milestones in the evolution
of SN 2015bn.
4. DISCUSSION
Both figures 2 and 3 indicate that polarisation in-
creased with time. To test this, we performed a χ2 test
for the null hypothesis that P is constant with time. This
hypothesis can be rejected at a significance > 3σ with a
p-value = 0.001. We then tested for linearity between
P and time. The Pearson correlation coefficient between
the two variables is R = 0.69+0.13−0.20 but with a p-value of
0.04+0.14−0.03, i.e. the significance of the correlation is some-
where between 1−2σ. It is therefore unlikely that the in-
crease in P is linear with time. We also checked whether
the evolution of P can be described by a non-parametric
monotonic increase, but a Spearman test revealed that
the significance for such a correlation is also low. In both
tests we have used a Monte Carlo resampling in order to
take into account the errors. It is instead more likely
that polarisation started increasing after a specific point
in time. The χ2 test reveals that the polarisation for the
first 6 epochs can easily be considered constant, with a
χ2/d.o.f. = 0.93 around P = 0.54 ± 0.07%. The p-value
for the hypothesis that P is constant during this period is
0.46. It is by adding incrementally the last three epochs
that the p-value reduces to 0.032, 0.037 (i.e. > 2σ) and,
finally, 0.001. The last data points could be both (vi-
sually) consistent with a monotonically increasing trend
after day +20, but also with a jump to an elevated po-
larisation level of P = 1.10± 0.12%.
This increase in polarisation is consistent with the find-
ings by Inserra et al. (2016) in their two epochs of spec-
tropolarimetry. Of course, these authors have shown that
there is a strong wavelength dependence in the polarisa-
tion properties of SN 2015bn: in their first epoch, P in-
creases from ∼ 0.5% in the regions below 6300 A˚ to above
1% in the red part of the spectrum. Their second epoch
shows the opposite wavelength dependence where the po-
larisation is higher (P ∼ 1.4%) in the blue but reduces
towards the red reaching P ∼ 0.5%. However, there is an
overall increase in the signal that is consistent with what
is reported here. By integrating the polarisation spectra
over the NOT V -band filter (C. Inserra and M. Bulla, pri-
vate communication), we obtain P = 0.12 ± 0.07% and
0.91± 0.07% respectively, where we have corrected these
values for polarisation bias. Adding these points to our
polarisation light curve (Fig. 3) confirms and strengthens
our results. In addition, Inserra et al. (2016) found the
existence of a dominant axis on the Q–U plane with a
position angle that did not change significantly between
the two epochs. Although our observations are obtained
in a single wavelength band, our multi-epoch data on
the Q–U plane also show the clear existence of a pre-
ferred direction that does not change significantly with
time (see also Table 1). By fitting all epochs simultane-
ously, we obtain a linear fit with a slope of −0.32± 0.29,
corresponding to a position angle of −17◦ ± 14◦. We
can therefore confirm also this finding by Inserra et al.
(2016), supporting an axisymmetric configuration whose
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Figure 3. Different stages in the evolution of SN 2015bn. In the upper panel, we plot the ultraviolet and visual absolute light curves from
Nicholl et al. (2016a) and we mark the two major undulations in the light curve. The shaded region highlights the time interval where
changes occurred in the optical spectrum (Nicholl et al. 2016a). The lower panel shows the simultaneous evolution of the polarisation
degree from our V -band imaging polarimetry (red). In addition, we show the integrated V -band polarisation from the two epochs of VLT
spectropolarimetry (purple; Inserra et al. 2016). The data obtained from day +20 and onwards show a statistically significant increase in
polarisation.
orientation does not change significantly with time.
Our dense time sampling allows us to study in more de-
tail the polarisation signal from SN 2015bn in relation to
its overall evolution. We first investigate whether there
is any connection between the polarisation and the light
curve undulations. Figure 3 shows that the polarisation
(and therefore the degree of asphericity) is similar dur-
ing the pre-maximum ‘shoulder’ and at the peak of the
light curve. On the other hand, our last datapoint shows
the highest polarisation value during the post-maximum
knee, although the increase in the signal had already
started during the smooth decay. If really associated,
this jump in continuum polarisation could provide an im-
portant clue on the nature of the knee, as what causes it
should also explain an increase in the asymmetry of the
emitting photosphere. Unfortunately, we do not have
data past the knee to test this hypothesis.
A perhaps appealing suggestion is that the increase
in polarisation is related to the spectral transformation
of SN 2015bn. Nicholl et al. (2016a) observed that the
spectrum of SN 2015bn was characterised by a very slow
evolution both before +7 and after +20 days. However,
between these phases, the spectrum underwent a rapid
change from being dominated by Fe III and O II lines
in the blue, to lower ionisation lines of Fe II and Mg I].
In the red, lines of [Ca II], Ca II and [O I] appeared,
replacing the earlier evidence for C II. Although such
changes have been observed before in SLSNe I (e.g. Pa-
storello et al. 2010; Quimby et al. 2011; Liu & Modjaz
2016), Nicholl et al. (2016a) showed that in the case of
SN 2015bn this dramatic change occurred over a very
short period of time. Here, it has been possible to
show that another significant change in the properties of
SN 2015bn, the increase of polarisation, took place dur-
ing the same period (Fig. 3). While the spectral changes
can generally be explained by a decrease in the tempera-
ture affecting the ionisation of the ejecta, this effect alone
cannot explain the simultaneous increase of asphericity.
The most natural explanation for the increase in polari-
sation is that the inner layers of the explosion are more
aspherical (also proposed by Inserra et al. 2016). Such an
effect is to some degree expected and has also been seen
for other SN types, including SNe IIP after the plateau
phase, when the photosphere recedes inside the external
H envelope (Leonard et al. 2006; Chornock et al. 2010)
and SNe IIb (Maund et al. 2007).
The simultaneous rapid spectral and geometric changes
suggest that SN 2015bn went through a ‘phase transi-
tion’ rather than a smooth evolution. We propose here
that the ejecta consist of two separate layers with dif-
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ferent geometry and possibly different composition: an
outer layer composed primarily of C and O and natal
trace elements and an inner layer with nucleosyntheti-
cally processed ejecta (Fe, Mg, Ca). It is the outer layer
that gives SLSNe I their special appearance. A change of
opacity drives the photosphere rapidly inside the inner
layer, due either to temperature effects or to a jump in
density. Within this scenario, it is possible that when
the photosphere moves inside the inner, more aspherical,
layer, the outer layer becomes nebular. This can ex-
plain both the early appearance of nebular lines, such as
[O I] and [Ca II], and their co-existence with photospheric
lines originating from the inner ejecta. In fact, [Ca II]
appears non-polarised in the +27.5 spectrum of Inserra
et al. (2016) and [O I] only mildly so, although blending
of the latter with Si II is an issue at these early phases.
The initial profiles of these lines are asymmetric showing
a possible deficiency in the red, which progressively dis-
appears with time as they obtain their final single-peaked
profile (Nicholl et al. 2016a,b). This could be consistent
with them originating in an outer layer surrounding an
optically thick core. However, this profile evolution could
also have a different physical origin as it appears more
often in the spectra of SNe Ib/c (e.g. Modjaz et al. 2014).
The existence of multiple emitting regions in the ejecta
of slowly-evolving SLSNe is also supported by the detec-
tion of nebular lines with different line widths in their
spectra (Inserra et al. 2017).
5. CONCLUSIONS
We have presented nine epochs of imaging polarime-
try for SN 2015bn. We have shown that polarisation
increased with time, confirming previous findings by In-
serra et al. (2016), based on two epochs of spectropo-
larimetry. The highest degree of polarisation (asymme-
try) was measured during the light curve ‘knee’. How-
ever, it is not certain that there is a physical relation, as
we did not observe something similar during the other
major light curve undulation (the ‘shoulder’). Further-
more, we have shown that this increase in polarisation oc-
curred almost simultaneously with the spectral changes
in SN 2015bn. This geometrical and spectral transition
suggests that a major change took place in the SN ejecta
at about 20 days past maximum. We suggest that the
photosphere receded from an outer extended layer of na-
tal progenitor composition, dominated by C and O, to an
inner, more aspherical layer, of nucleosynthetically pro-
cessed ejecta. It is possible that during this transition,
the outer layer became nebular. The stellar evolution
path resulting in this characteristic for SLSNe I config-
uration is still unknown, but it can be related to the
special environments in which SLSNe I are found. (e.g.
Schulze et al. 2016).
In Leloudas et al. (2015a) we searched for a similar po-
larisation evolution in LSQ14mo but we were not able to
find it. It is possible that this was due to the more limited
time coverage (our observations stopped at day +19), to
the increased distance (noise) to LSQ14mo, to a special
viewing angle, or simply to the fact that LSQ14mo was
different. LSQ14mo was a fast-evolving event, which was
intrinsically fainter than SN 2015bn and did not show any
(broad) undulations in the light curve such as SN 2015bn.
This diversity highlights the necessity to extend polari-
metric studies of SLSNe to later phases and more SLSN
subtypes.
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Table 1
Polarimetry of SN 2015bn
UT MJD Phase a Exp. time b FWHM c S/N d Q e U e χ P f
(yyyy-mm-dd) (days) (days) (s) (pix.) (%) (%) (deg) (%)
2015-02-27 57080.13 −19.6 90 8.6 166 0.56 (0.43) −0.20 (0.43) −9.6 (20.5) 0.42 (0.43)
2015-03-02 57083.02 −17.0 150 3.6 261 0.32 (0.28) −0.66 (0.27) −32.0 (10.6) 0.69 (0.27)
2015-03-11 57092.99 −8.1 300 5.7 493 0.26 (0.14) −0.63 (0.15) −33.6 ( 6.0) 0.67 (0.14)
2015-03-16 57097.06 −4.4 300 5.6 512 0.02 (0.14) −0.34 (0.14) −42.9 (11.6) 0.32 (0.14)
2015-03-26 57107.98 +5.4 400 5.4 512 0.35 (0.14) −0.57 (0.14) −29.1 ( 5.9) 0.66 (0.14)
2015-04-09 57121.06 +17.1 400 2.9 512 0.45 (0.14) −0.25 (0.14) −14.5 ( 7.7) 0.50 (0.14)
2015-04-12 57124.09 +19.8 500 4.1 512 0.86 (0.14) −0.54 (0.14) −16.0 ( 3.9) 1.00 (0.14)
2015-04-30 57142.93 +36.8 600 2.9 201 0.64 (0.35) −0.84 (0.36) −26.4 ( 9.6) 1.00 (0.35)
2015-05-10 57152.96 +45.8 600 5.8 256 1.14 (0.28) −1.07 (0.28) −21.7 ( 5.1) 1.54 (0.28)
a Rest-frame days with respect to MJD = 57102.
b Per half-wave retarder plate angle.
c Measured on the extraordinary beam. The pixel scale is 0.21′′/pix.
d Average signal to noise ratio for the SN.
e Corrected for ISP as determined by star S1: QISP = 0.02± 0.03% and UISP = 0.05± 0.03%.
f After correcting for polarisation bias (Patat & Romaniello 2006).
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